Bid is a ubiquitous pro-apoptotic member of the Bcl-2 family that has been involved in a variety of pathways of cell death. Unique among pro-apoptotic proteins, Bid is activated after cleavage by the apical caspases of the extrinsic pathway; subsequently it moves to mitochondria, where it promotes the release of apoptogenic proteins in concert with other Bcl-2 family proteins like Bak. Diverse factors appear to modulate the proapoptotic action of Bid, from its avid binding to mitochondrial lipids (in particular, cardiolipin) to multiple phosphorylations at sites that can modulate its caspase cleavage. This work addresses the question of how the lipid interactions of Bid that are evident in vitro actually impact on its pro-apoptotic action within cells. Using site-directed mutagenesis, we identified mutations that reduced mouse Bid lipid binding in vitro. Mutation of the conserved residue Lys157 specifically decreased the binding to negatively charged lipids related to cardiolipin and additionally affected the rate of caspase cleavage. However, this lipid-binding mutant had no discernable effect on Bid pro-apoptotic function in vivo. The results are interpreted in relation to an underlying interaction of Bid with lysophosphatidylcholine, which is not disrupted in any mutant retaining pro-apoptotic function both in vitro and in vivo.
Introduction
The Bcl-2 family of proteins regulates the intrinsic apoptotic pathway by controlling permeabilization of the outer mitochondrial membrane (MOMP). This process causes the release of apoptogenic factors, such as cytochrome c and SMAC/Diablo, into the cytosol, thus activating effector caspases. Bcl-2 proteins can be grouped into three subfamilies based upon their function and the number of shared regions of homology (Bcl-2 homology, or BH, domains) [1] . Bax and Bak are multidomain pro-apoptotic effectors, which are directly responsible for MOMP [2] . The multidomain pro-survival proteins, including Bcl-2 and Bcl-X L , antagonize Bax and Bak. A third class of Bcl-2 proteins are the BH3-only proteins [3] . These regulate apoptosis by either inactivating the anti-apoptotic multidomain proteins [4] , or by activating the pro-apoptotic ones [5] . Different BH3-only proteins function by responding to distinct apoptotic stimuli. Bad is phosphorylated by kinases downstream of growth factor receptors, resulting in its sequestration by 14-3-3 proteins in the cytosol [6] . Conversely, PUMA and Noxa are transcriptionally regulated following DNA damage induced p53 activation [7, 8] . Bim is regulated both at transcriptional and post-translational levels [9, 10] . Growth factor mediated phosphorylation of FOXO transcription factors suppresses Bim expression. At the same time, Erk mediated phosphorylation of Bim itself leads to its targeting to proteosomal mediated degradation.
Another BH3-only protein, Bid, is unusual in that it is largely activated by the apical caspase of the extrinsic, or death receptormediated, pathway [11, 12] . Thus, ligand binding to receptors of the TNFR family leads to activation of caspase 8, which cleaves Bid at aspartate 59 (mouse sequence). The resulting truncated form, tBid, associates with the OMM, activating Bax and Bak. Several studies have indicated that Bid is subject to a number of other post-translational modifications and can be pro-apoptotic without caspase cleavage [13] [14] [15] . Bid can be phosphorylated on residues around the caspase cleavage site, which has been demonstrated to inhibit cleavage [13, 16] . Other sites in Bid can be phosphorylated in response to DNA damage, suggesting that it may play additional roles besides OMM permeabilization in receptormediated cell death [17] .
An important aspect of Bid function is its binding to mitochondrial lipids, in particular cardiolipin and related lysolipid metabolites [18] [19] [20] [21] [22] [23] [24] [25] [26] . Cardiolipin has been reported to modulate the concerted proapoptotic action of caspase-truncated Bid (tBid) with Bax or Bak in studies with isolated mitochondria [23, 27] . Some studies have shown that cardiolipin is required for tBid targeting to mitochondria [18] , whereas other studies have shown that manipulation of cardiolipin content in cells had little effect on Bid and tBid functions [28, 29] . In most instances, lipids have been manipulated within the membrane itself, which might have indirect effects on MOMP. Hence, it remains unclear to what extent lipid binding is instrumental for the mitochondrial targeting and pro-apoptotic action of Bid under different stimuli of cell death.
To address this problem, we have undertaken site-directed mutagenesis of Bid aiming to dissect the lipid-binding properties from the pro-apoptotic action of the protein. We have found that one conserved amino acid in the C-terminal part of Bid may be crucial for the link between lipid binding and the pro-apoptotic action that can be measured in vitro. However, mutation of the lipid-binding site in Bid had no effect on its ability to induce cytochrome c release and apoptosis within cells, which we can refer to be in vivo. Our results are discussed in terms of the relationship between in vitro and in vivo properties of pro-apoptotic Bcl-2 proteins.
Materials and methods

Generation of recombinant wild type and mutant Bid proteins
The cDNA encoding full-length mouse Bid was cloned into pET-12b vector with a tag of six histidine at the N-terminus. The Bid recombinant proteins (wild type and mutants proteins) were expressed in BL21(DE3)pLysS Escherichia coli and purified by affinity chromatography (HiTrap chelating column, Healthcare). The protein fractions were concentrated, aliquoted and stored at −80°C. Mutations that changed the positively charged residues in helices 6 (K157) and 8 (R187) to negatively charged ones (i.e. E) were performed by a Quick Change Site-Directed Mutagenesis Kit II (Stratagene). Mutation K157E was generated using the mutagenic oligonucleotide 5′-GACCATGCTGTTGGCCGAAAAAGTGGCCAGTCACGC-3′ containing an A to G base change that was used to replace lysine 157 to glutamic acid. Mutation R187E was generated using the mutagenic oligonucleotide 5′-CCAGAACCTATTCTCCTATGTGGAGAACTTGGTTA-GAAACGAG-3′ containing an AG to GA base change that was used to replace arginine 187 to glutamic acid. All mutations were confirmed by DNA sequencing.
Generation of YFP-tagged wild type and mutant Bid proteins
Bid cDNA representing full length, p15 or p11 Bid was cloned into pEYFPN1 vector (Invitrogen). Mutagenesis reactions were performed using a QuickChange II XL Site-Directed Mutagenesis Kit (Stratagene) with the oligonucleotides described above. All mutations were confirmed by DNA sequencing.
Cell culture and transfections
FSK7 cells were cultured in Dulbecco's modified Eagle's medium/ F-12 medium supplemented with 5 ng/ml epidermal growth factor, 5 μg/ml insulin, 1% penicillin/streptomycin and 2% foetal calf serum (FCS) in 5% CO 2 at 37°C. Cells were transfected using LipofectAMINE plus (Invitrogen) as instructed. Bid knockout and Bax/Bak double knockout Mouse Embryonic Fibroblast (MEF) cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% FCS, 1% penicillin/streptomycin, 1% non-essential amino acids and 5 μM β-mercaptoethanol in 5% CO 2 at 37°C. Cells were transfected using either LipofectAMINE plus (Invitrogen) or Transpass D2 (NEB) as instructed.
Immunocytochemistry
Cells grown on coverslips or collected by cytospin onto polysine slides were rinsed in PBS and fixed in 4% PFA in PBS for 20 min. Cells were immunostained with either mouse anti-cytochrome c (BD Biosciences, Cat # 556432) or mouse anti-mtHsp70 (Affinity Bioreagents) for 1 h, rinsed in PBS, then incubated with RXR-conjugated donkey anti-mouse IgG (Jackson Immunoresearch) for 1 h. All antibodies were diluted in 0.2% Triton X-100, 0.05% Tween-20, 0.1% horse serum, and 0.05% sodium azide in PBS. Nuclei were stained with Hoechst. Images were collected on an Olympus IX70 microscope, equipped with a Deltavision imaging system. Images were processed by constrained iterative deconvolution on softWoRx™ software (Applied Precision).
Anoikis experiments
FSK7 cells were transfected with YFP-tagged Bid proteins. The following day cells were left attached or detached onto polyHEMA (Sigma). In apoptosis experiments cells were detached for 5 h then collected by cytospin onto polysine slides at 400 ×g for 5 min. Cells were fixed in 4% paraformaldehyde (PFA) for 20 min and cell nuclei stained using Hoescht. To detect Bid on mitochondrial membranes cells were detached onto polyHEMA for 1 h then lysed in hypotonic buffer (10 mM Tris-HCl pH 7.6, 10 mM NaCl and 1.5 mM MgCl 2 ) for 10 min followed by douce homogenization. Membranes were isolated by ultracentrifugation in a TLA110 rotor at 55,000 rpm for 30 min at 4°C. The supernatant containing cytosolic proteins was collected. CHAPS soluble mitochondrial membranes were isolated by resuspending the membrane pellet in 1% CHAPS and further centrifugation at 55,000 rpm for 30 min at 4°C. Detached cell fractions were analysed by western blot.
In vitro cleavage with caspase 8
Recombinant Bid proteins (wild type and mutants) were cleaved by recombinant human caspase 8 (Calbiochem) in a buffer containing 20 mM K-Hepes (pH 7.4), 0.25 M sucrose, 2 mM DTT and 1 mM EDTA (containing protease inhibitors). The mixture was incubated for 2 h at 30°C as described [13] .
In vivo cleavage with FasL
FSK7 cells were transfected with YFP-tagged Bid proteins and treated overnight (16 h) with 0.25 μg/ml FasL (Biolegend) and 25 μg/ ml cycloheximide or DMSO as control. Cells were lysed and immunoblotted for Bid.
Lipids
Lipids and lysolipids were obtained from Sigma or Avanti lipids; MCL was prepared in-house using the procedure reported in [20] (modified from that described in [30] ).
Intrinsic fluorescence measurements
The intrinsic fluorescence of Bid proteins (at a concentration of 0.5 or 1 μM) were measured at room temperature in filtered assay buffer (20 mM K-Hepes pH 7.4, 0.12 M mannitol, 80 mM KCl, 1 mM EDTA) using excitation wavelength at 270 nm and recording emission between 290 and 410 nm. Lysolipids, dissolved in ethanol, were added in a stepwise manner and fluorescence changes were measured after 2 min equilibration.
ADIFAB fluorescence quenching
The fluorescently labelled intestinal fatty acid protein ADIFAB (Molecular Probes, Invitrogen) [31] has been used dissolved in 10 mM Tris, pH 8.0, 0.15 M NaCl and 1 mM EGTA, at 0.2 μM alone or in the presence of Bid recombinant proteins. Quenching measurements were carried out at room temperature (22-24°C) using a Perkin-Elmer LS-500 instrument. The emission spectra were recorded between 410 and 610 nm using excitation wavelength at 390 nm in the absence of ligands and with increasing concentrations of lipid ligands. Results were analysed by using Stern-Volmer plots.
NATIVE PAGE (evaluating of Bid interaction with lipids)
Fresh solutions of Bid was diluted to 20 μM in filtered assay buffer containing 1 mM DTT in the absence or presence of LPC-C16 1 mM (from concentrated ethanolic solutions). Samples were incubated for 60 min at room temperature and the reaction terminated by addition of sample buffer (20% glicerol, 0.1 M Tris-HCl, pH 6.8, 2 β-mercaptoethanol, 0.01% bromophenol blue). Results were visualized by Coomassie staining and analysed in comparison with controls containing appropriate levels of non-interacting detergents, e.g. 0.2% Tween 20. The high molecular weight species present in the native gel were identified as Bid aggregates by means of western blot analysis using a mouse-specific goat anti-mouse Bid (R&D Systems, Cat # AF860).
Cell-free assays
Mouse liver mitochondria were prepared essentially as described previously [19, 32] . After being soaked with ice-cold PBS, mouse livers were cleaned of connective tissue, cut with scissors and suspended. The cleaned tissues were homogenized with a Teflon pestle homogenizer in isolation medium (10 mM K-Hepes, 0.25 M mannitol, 1 mM EGTA, 0.2% bovine serum albumin [BSA], pH 7.4), generally containing a cocktail of protease inhibitors (0.1% [vol/vol] of P3840 Sigma) and then centrifuged at 600×g for 5 min at 4°C. The supernatants were filtered to remove fats and centrifuged at 10,000×g for 15 min at 4°C. The pellet containing crude mitochondria was resuspended in isolation medium without BSA and protease inhibitors and subsequently re-centrifuged at 10,000 ×g for 15 min at 4°C. Finally, the resulting pellet was resuspended in a minimal volume of 20 mM K-Hepes pH 7.4, 0.12 M mannitol, 80 mM KCl, 1 mM EDTA (assay buffer) and utilised for the experiments. The protein content was determined with Bio-Rad Bradford mini-assay in the presence of the non-ionic detergent Triton X-100. The detergent was added to a concentrated solution of mitochondria to solubilize completely the membrane proteins; the sample was then diluted for Bradford analysis (final Triton X-100 concentration b 0.002%). Freshly isolated mitochondria were resuspended at 1 mg/ml in assay buffer and incubated at room temperature (22°C) for 15 min with recombinant mouse Bid proteins 200 nM. Ethanol-dissolved lysolipids (Sigma) were added to the incubation mixture; subsequently, mitochondria were separated by centrifugation and the release of cytochrome c was measured in the supernatant by immunoblotting as described earlier [19] .
Western blotting
Protein samples were separated with 12-15% SDS polyacrylamide gels and transferred to PVDF membranes (Amersham -GE Healthcare). The monoclonal antibody used for the cell free assay analysis was the purified mouse anti-cytochrome c from BD Biosciences (Cat # 556433). To monitor Bid proteins we have utilised a mouse-specific goat anti-mouse Bid (R&D Systems) or goat anti-GFP antibody (Rockland). Mitochondrial fractions were identified using mouse anti-mtHsp70 (Affinity Bioreagents). Membranes were visualized using enhanced chemiluminescence reagents (ECL-Plus, Amersham -GE Healthcare).
Statistical analysis
To determine statistical differences, Student's t test was used to assess statistical significance in cytochrome c release between control and mutant recombinant (usually with n = 3 densitometric determinations). p b 0.05 was considered significant.
Results
Mutations of the charged residues at the helices 4 and 6 of Bid: K157E and R187E
Using sequence analysis [33] we identified conserved residues within Bid that might play a role in the lipid-binding activity of the protein (Fig. 1A) [18, 34] . By analysing Bid with the Q-sitefinder (http://www.bioinformatics.leeds.ac.uk/qsitefinder/), we identified hydrophobic pockets within the protein that can be potential binding sites for lipid molecules. Then, we verified the presence in these regions of charged residues that could be involved in stabilizing the interaction with the charged head groups of lipid molecules. In the Cterminal region (helix 6), there are two conserved lysine residues, K157 and K158, which have been studied previously for their importance in tBid function, in particular the interaction with mitochondrial membranes [34, 35] . These residues are located in close proximity of a hydrophobic pocket. Liu et al. [25] generated mutants of various positive residues of human tBid, including these two lysines, which were substituted with hydrophobic residues. None of these mutated forms of tBid generated any apparent phenotype after trasfection into Hela cells and appeared to be equally targeted to mitochondria. No further in vitro report on the binding of Bid mutants to membrane lipids has been published to date.
We have utilised recombinant mouse Bid (Fig. 1B) . The first mutation introduced was the substitution of K157 with a negatively charged glutamic acid, to verify whether binding to the polar head of lipids requires a positive residue in this position. Lysine 157 faces an internal cavity pointing towards BH3 helix (Fig. 1B) . The adjacent K158, equally conserved in many species (Fig. 1A) , is more exposed to the surface in the NMR-deduced structure [36] , and was excluded from our mutational analysis. The C-terminal region of Bid also contains an interesting positive residue, R187, which is conserved in many species except Xenopus laevis (Fig. 1A) . R187 is located in another region of the protein recognised as a second potential binding pocket for hydrophobic substances, near K148 in the tertiary structure (a region that possesses a global positive charge, Fig. 1B [37] ). This second region could be involved (together with other amino acids) in the recognition and binding of the negatively charged head groups that are present in phospholipid molecules. We mutated R187 with the negatively charged E that is present in the sequence of Xenopus Bid, considering that this naturally occurring substitution may be unable to compromise basic biological properties of Bid. Wild type and mutant Bid were expressed in E. coli and purified (Fig. 1C) as described in the Materials and Methods.
We next investigated whether the selected mutations modify Bid interaction with negatively charged lipids. Bid binding to lipids was determined by following changes in the intrinsic fluorescence of the protein, as previously described [20] . Overall, intrinsic fluorescence spectra of the K157E mutant and wild type protein were similar ( Fig. 2A) , even if a small red shift in the emission maximum of the mutant may reflect a partial modification the protein environment around the aromatic residues contributing to the intrinsic fluorescence of Bid. In contrast, the R187E mutant showed significantly lower intrinsic fluorescence than the wt protein ( Fig. 2A) , indicating that R187 may modulate the conformation or solvent exposure of the single tryptophan present in mouse Bid (W48), which is predominantly responsible for its intrinsic fluorescence. In all cases, these changes in the intrinsic fluorescence had little influence on the functional properties of Bid proteins, whereas another mutation, F171N, did cause a strong decrease in fluorescence emission indicating a loss of native conformation coupled to no lipid binding and pro-apoptotic action (data not shown).
Because of the water insolubility of cardiolipin, we measured Bid binding to a related lipid, oleyl-lysophosphatidylglycerol (LPG-C18:1), that has been utilised to mimic monolysocardiolipin binding in previous studies [20] at concentrations below its critical micellar concentration (CMC). Wild type Bid bound LPG-C18:1, shown by the increase in fluorescence with added lipid (Fig. 2B, E) . Both mutants had decreased LPG-C18:1 binding. Bid K157E showed the largest reduction in LPG-induced fluorescence changes and hence binding of this lipid (Fig. 2C, E) , whereas Bid R187E exhibited attenuated changes in intrinsic fluorescence upon addition of LPG-C18:1, suggesting some reduced binding to LPG (Fig. 2D, E) .
Dual lipid specificity has been reported for full length Bid [38] , since the protein has been found to bind and transport also lysolipids derived from PC, such as palmitoyl-phosphatydylcholine (LPC-C16).
Therefore, we investigated the interaction of Bid mutants with LPC-C16 under the same conditions (Fig. 2F) . Compared with LPG-C18:1, LPC-C16 induced a small change in the intrinsic fluorescence of the wt protein, as well as the R187E mutant. However, LPC-C16 significantly enhanced the intrinsic fluorescence of the K157E mutant with respect to the wt as well as the R187E mutant protein. In order to verify the non-specific effect of the addition of lysolipid molecules to the Bid protein in solution, we also measured the effect of short chain lipids like LPC-C12, which are more water-soluble and have surfactant properties similar to zwitterionic detergents [21] . These compounds did not significantly influence the fluorescence emission of Bid, even if they did bind to either the wt or mutant proteins (see below, cf. [39] ).
Binding to lysolipids induces Bid aggregates
To evaluate Bid binding to lipids, we used another approach based upon the principle that tight binding to lipids could induce changes in the electrophoretic mobility of the protein (gel shifts) under nondenaturing conditions, as previously reported for some lipid-binding proteins [20] . Interaction of Bid with LPC-C16 and MCL was evaluated by NATIVE PAGE after incubating 20 μM wild type or mutant Bid with 1 mM lysolipids, ensuing stable micellar structures mimicking membrane lipid surfaces. The electrophoretic migration of Bid wild type was significantly retarded by prior incubation with LPC-C16 producing diffuse aggregates that apparently migrated as oligomeric forms. Similar oligomers/aggregates were observed in the presence of monolysocardiolipin (MCL) (not shown).
The increased aggregate formation of K157E mutant in the presence of LPC-C16 (Fig. 3) confirmed the evidence previously obtained with intrinsic fluorescence analysis that the mutant has a stronger interaction with this lipid. Conversely, R187E has partially lost its LPC-C16 binding capacity as deduced by the decrease in its aggregate formation (Fig. 3) . We have performed the same experiments with LPG too; however, this lipid was not able to induce similar aggregates (data not shown) despite its binding to Bid proteins (see Figs. 2 and 4) . It is interesting to note that the mobility of the mutant Bid proteins slightly increased with respect to that of the wild type protein in NATIVE PAGE due to the change in global electric charge (positive residues substituted with a negative one, E).
Altering the lipid-binding site results in altered caspase 8 sensitivity of Bid in vitro
Next we studied lipid interactions of Bid using the indirect method based on the reporter ADIFAB, which allows the evaluation of the binding to MCL [20] . In this approach, the Stern-Volmer plots of the changes in ADIFAB fluorescence fit a linear slope that is inversely proportional to the dissociation constant for a lipid ligand in the presence of a competing binding protein like Bid [20] . The SternVolmer plot of our results obtained following the fluorescence quenching of ADIFAB in the presence and absence of Bid indicated that the mutant K157E had a reduced affinity for MCL (Kd value changed from 1.3 μM in wt Bid to 1.8 μM), while R187E had approximately the same Kd as the wt (1.4 μM, Fig. 4A) . A similar affinity profile has been obtained in the presence of LPG-C18 (Fig. 4A) , indicating a higher Kd for the mutant K157E (0.2 μM) than for the R187E mutant and wt protein (0.1 μM and 0.08 μM, respectively). On the contrary, Bid binding to LPC analogues appeared to behave in the opposite way, since the mutant K157E showed the same (or even slightly increased) affinity for the binding to LPC-C16 with respect to the wild type protein (Kd values around 4 μM), while the mutant R187E showed a reduced affinity (Kd = 5.5 μM) (Fig. 4A and data not  shown) . These results confirmed the findings obtained by following the intrinsic fluorescence of the protein (Fig. 2) , in that the mutation K157E had an opposite effect on the affinity of Bid for CL derivatives and LPC derivatives, while the comparable substitution R187E had negligible effects on lipid binding.
Next we evaluated whether the specific alteration in lipid affinity of the K157E mutant was related to changes in its pro-apoptotic function. Because this function is strongly enhanced by caspase cleavage of the full length protein [12] , we first compared how Bid mutants were cleaved in vitro by purified caspase 8. Interestingly, we found that the initial rate of cleavage was faster for the K157E mutant than for either the wt or the R187E mutant protein (Fig. 4B) . This difference progressively faded along the time course of proteolytic cleavage (Fig. 4C) , suggesting that the K157E mutation could facilitate the accessibility of the protease for its major cleavage site, rather than changing the overall efficiency of cleavage.
Bid mutations and cell free assays of cytochrome c release
We asked if the properties of the K157E mutant of Bid extended to its capacity to release cytochrome c from isolated mitochondria. We analysed cytochrome c release using a cell free assay utilising isolated liver mitochondria [12, 20, 38, 40] . After addition of full-length (FL) proteins to isolated mitochondria, both wt Bid and R187E Bid were able to induce some release of cytochrome c (Fig. 5A) . In contrast, K157E Bid did not release cytochrome c, similar to the negative control and the Bid protein mutated in BH3-domain (G94E/D95E in Fig. 5A, cf. [38] ).
To verify whether these results were related to a different association of Bid proteins to mitochondria, we analysed the distribution of Bid after incubation with mitochondrial membranes (thus containing the natural complement of cardiolipin). We found no major difference in the association of wt and mutant proteins to mitochondria and their membranes, in agreement with recent data [29] .
The pro-apoptotic activity of FL Bid is limited in comparison with that of tBid, but it is strongly enhanced by addition of selected lipids, in particular LPC [21] . We thus repeated the cell free assays in the presence of LPC-C16 and found that this lipid increased the cytochrome c releasing capacity of all Bid proteins we have analysed (Fig. 5B) , with the exception of the BH3-domain mutant (G94E/ D95E). This mutant displayed less efficient LPC binding and at the same time a complete loss of pro-apoptotic activity (not shown), confirming a previous work with an equivalent BH3-defective mutant [38] . Nevertheless, it is worth noting that while the wt and R187E FL proteins showed approximately a 2-fold increase in their capacity of releasing cytochrome c, the K157E mutant displayed a comparatively much stronger enhancement in the presence of LPC compared with its relative inactivity in the absence of LPC (Fig. 5A, B) . Hence, the LPCinduced 'activation' of Bid [21] is stronger for the K157E mutant than for the other mutants tested, as well as the wt protein.
We next analysed the pro-apoptotic activity of the caspase-cleaved forms of Bid mutants, i.e. p15 tBid (cf. Fig. 4B ), in cell free assays with isolated mitochondria. The results indicated that the p15 form of the K157E mutant was slightly more active than the wild type and the R187E mutant, but showed a similar activity as wt in the presence of LPC (Fig. 5C) . Hence, Bid K157E mutation had an effect on the in vitro activities of Bid only in its full length, native form. Once cleaved by caspase 8, this and other Bid mutants were essentially as effective as the native protein in both lipid binding and release of cytochrome c from mitochondria. Hence, only a detailed study of how Bid mutants affect cell properties in vivo could clarify the significance of the changes we have observed in vitro.
Expression of Bid mutants in Bax and Bak DKO indicates similar subcellular distribution
One way in which lipid binding has been proposed to regulate Bid function is to control its subcellular targeting. Binding to CL and possibly other lipids has been reported to enhance the association of Bid with intracellular membranes, especially mitochondria [20] . Because protein interactions of Bid with Bak or Bax may also play a role in its association with mitochondria, we initially studied the localisation of the in vitro characterized Bid mutants in mouse embryonic fibroblasts that lacked both Bax and Bak (DKO MEFs). In order to follow localisation, we expressed wt Bid, R187E Bid and K157E Bid as YFP fusions (Fig. 6A) . DKO for Bax and Bak MEFs expressing FL-Bid YFP fusions were fixed and co-stained for mitochondrial Hsp70 (mtHsp70). All three FL-Bid YFP fusions were distributed throughout the cytoplasm with no discernable colocalisation with mtHsp70 (Fig. 6B) . We then expressed the p15 Bid truncations of wt Bid, R187E Bid and K157E Bid in DKO cells (Fig.  6A, C) . All three p15 Bid YFP fusions co-localised perfectly with mitochondria. It was conceivable that the exposed BH3-domain of p15 Bid was driving its localisation through an interaction with some anti-apoptotic Bcl-2 proteins, such as Blc-2 or Bcl-X L , on the OMM. We have previously demonstrated that a further truncated form of Bid, p11, lacking BH3-domain and therefore unable to interact with multidomain Bcl-2 proteins, still localises to the OMM [15] . We hypothesised that as the lipid-binding region lies within this p11 fragment, its localisation may be dependent upon these interactions. However, wild type and Bid mutants expressed as p11 YFP fusions all localised perfectly to the OMM (Fig. 6C ), in agreement with previous results with comparable mutations [25] .
Mutation of the lipid-binding sites does not alter Bid's pro-apoptotic function
We next asked if there was any difference in the ability of these Bid mutants to induce cytochrome c release and apoptosis in cells. We expressed wt Bid, R187E Bid and K157E Bid as FL, p15 and p11 YFP fusions in Bid knock out (Bid−/−) MEFs. 24 h after transfection, cells were fixed and apoptosis was quantified by analysing nuclear morphology (Fig. 7A) . Low levels of apoptosis were observed in Bid−/− MEFs expressing all three FL proteins. Similarly, all three p11 truncations showed the same low level of apoptosis. Conversely, all three p15 Bid proteins induced significant levels of apoptosis. Furthermore, p15 wt Bid, R187E Bid and K157E Bid all induced apoptosis (measured by nuclear fragmentation) to the comparable extents, with no significant difference for the lipid-binding mutants (p N 0.05, one-way ANOVA with Bonferroni's Multiple Comparison Test). We then examined cytochrome c release in Bid−/− cells expressing the p11 and p15 mutants. Cells transiently transfected with the Bid YFP fusions were fixed and immunostained with anticytochrome c. As the p15 Bid constructs induced a high level of apoptosis, the culture medium was supplemented with 100 μM zVADfmk post-transfection. All three p15 Bid proteins had a punctuate distribution in Bid−/− MEFs (Fig. 7B) and also induced release of cytochrome c. In contrast, all three p11 Bid YFP fusions did not release cytochrome c, even though they localised to mitochondria (Fig. 7C) .
In vitro assays that indicated a role for cardiolipin in the proapoptotic activity of Bid used recombinant Bax, whereas liver mitochondria and Bid−/− MEFs also have Bak present. We therefore transiently co-transfected DKO MEFs with p15 YFP fusions of wt Bid, R187E Bid or K157E Bid along with mRFP-Bax. Full length and p11 wt Bid were also expressed with mRFP-Bax. We then assessed apoptosis by nuclear morphology (Fig. 8A) . This co-expression with wt Bid proteins resulted in similar levels of apoptosis to that seen in Bid−/− cells expressing the Bid mutants alone (cf. Fig. 7A ). Similarly, all three p15 Bid proteins induced high levels of apoptosis when co-expressed with mRFP-Bax. There was no significant difference between the p15 Bid proteins (p N 0.05, one-way ANOVA with Bonferroni's Multiple Comparison Test).
Finally, we examined the pro-apoptotic role of the lipid-binding mutants as FL proteins. We have previously shown that during epithelial cell anoikis, FL Bid translocates to the OMM in the absence of caspase-8 cleavage and induces cell death [15] . We expressed FL wt and the two mutant Bid in mammary epithelial cells (MEC) and detached these from ECM as described previously [15] . MEC expressing YFP alone showed around 40% apoptosis after 5 h, whereas overexpression of wt Bid YFP sensitised the cells to anoikis and increased cell death to around 85%, as previously shown [15] . There was no difference between wt Bid and the full length form of R187E Bid YFP or K157E Bid YFP in the amount of sensitisation to anoikis.
Together, these results suggest that the ability of Bid to bind to mitochondrial membrane lipids, in particular CL, may not be essential for its pro-apoptotic function in vivo.
Discussion
In this study we report the first point mutation of Bid that specifically alters its interaction with the polar heads of phospholipids. Mutation of the conserved lysine residue at position 157 in the mouse sequence (Fig. 1A) decreases the binding of Bid to the glycerolphosphate head of (lyso)lipids, since it affects binding to LPG and MCL but not LPC (Figs. 2 and 4A ). These results confirm previous indications for a dual lipid specificity of full length Bid [38] , which can now be dissected at the molecular level by changing the positive charged residue conserved of position 157. Other conserved residues with positive charge like R187 do not show an equivalent alteration of lipid binding and essentially behave as the wild type protein in all in vitro tests (Figs. 2-5 ).
Both our in vitro and cellular studies indicate that the mutation K157E, which affects binding to negatively charged lipids in vitro (Figs.  2 and 4A) , does not change the association of the protein to mitochondria, either as the full length or cleaved protein (Figs. 6  and S1 ). In addition, the mutation K157E has no evident effect on the pro-apoptotic capacity in vivo, as shown by both the extent of apoptosis observed and the ability to be cleaved by caspase 8 following FasL treatment (Figs. 7, 8 and S2 ). We have also analysed the distribution of Bid after incubation with mitochondrial membranes (i.e. cardiolipin-containing membranes); again, no significant change in the membrane association of wt and mutant Bid was observed (Fig. S3) .
Two alternative interpretations can account for the difference that the same mutation produces in vivo and in vitro. The first interpretation would be that there is no direct relationship between the in vitro binding to membrane lipids and the pro-apoptotic function of Bid within cells, for instance because the binding affinities for CL-related lysolipids in solution and for CL itself in the mitochondria may not be the same. However, recent work has established that tBid binding to cardiolipin-containing membranes is the first crucial event in the coordinated action with other Bcl-2 proteins that leads to membrane permeabilization [41] . Consequently, in vitro studies of Bid-lipid interactions have relevance to the biological pro-apoptotic action of the protein.
The alternative explanation is that the interaction with LPC is much more important for the pro-apoptotic function of Bid than that with negatively charged lipids related to cardiolipin. The latter interpretation is also supported by the results of protein aggregation obtained here with NATIVE PAGE (Fig. 3) . Conformational changes and selfaggregation of Bcl-2 proteins is now established to be fundamental for MOMP [41] .
The modulating role of cardiolipin has been considered in a recent paper by Gonzalvez et al. [29] , which showed that cardiolipin is required for the processing of Bid by caspase 8 on mitochondria but not for the association of Bid to mitochondria and its pro-apoptotic action in vitro. These observations indirectly support our suggestion for a crucial role of LPC in modulating the subcellular distribution and action of Bid proteins. Indeed, BH3-confined mutations that abolish the pro-apoptotic action of Bid also disrupt its binding to LPC. For instance, the addition of LPC-C16 to the G94E-D95E double mutant does not cause any significant changes in Bid fluorescence emission (Fig. 2 and data not shown) . Previous observations with similar BH3-confined mutants [38] and native Bid [21] did indicate an exquisite interaction of Bid with LPC that directly affects its pro-apoptotic function and may direct the full length protein towards LPC-enriched membranes, especially mitochondria. It should be considered that two different binding sites are present in the Bid protein but only one site is probably sufficient for the pro-apoptotic activity. A double mutant that inactivates both sites can be useful to clarify this and we are currently screening such a mutant, also for establishing further the essential role of LPC interaction proposed here.
Caspase cleavage removes the specificity of LPC interaction, as we have demonstrated here with different mutant proteins (Fig. 5, cf. [20]). Of note, when the interaction of Bid with lipids has been modulated by altering the levels of cardiolipin in mitochondria and cells, results have been negative or unclear [28, 29] . By contrast, induced increase in mitochondrial LPC has been shown to clearly enhance the membrane association and pro-apoptotic action of Bid [21, 26] .
The K157E mutation affected the rate of cleavage of FL Bid by caspase 8 in vitro. This novel data suggests that interaction of Bid with negatively charged lipids like LPG may affect the rate of caspase cleavage within cells, especially during the initial activation of caspases. Consequently, binding to negatively charged lipids related to CL may add another layer of regulation to the critical activation step associated with protease cleavage of the protein, which depends upon the action of diverse kinases in different cellular contexts [16, 20] . This would fit the recent evidence that cardiolipin may modulate Bid cleavage by caspase 8 around or in mitochondria [29] . Our results also seem to draw a parallel with the recent report that Bax cleavage by general proteases is modulated by interaction with cholesterol, another membrane lipid [42] .
It has been widely proposed that the interaction of tBid with cardiolipin specifies both its subcellular targeting and its proapoptotic function. Lutter et al. [18] , using a temperature sensitive mutant of phosphatidylglycerophosphate synthase, implicated a requirement for cardiolipin for tBid mitochondrial targeting and its ability to induce cytochrome c release. Kuwana et al. [23] , using a reductionist approach, demonstrated that Bid cooperated with charged lipids, such as cardiolipin, for its interaction with the membrane and its ability to activate Bax. However, it may be that these lipids alter the response of pro-apoptotic Bcl-2 proteins to physico-chemical properties of the whole membrane (cf. [27] ). Cardiolipin binding was proposed to target tBid to the contact sites between the inner and outer mitochondrial membranes [43] , regulating Bid dependent reorganisation of mitochondrial cristae for cytochrome c release [24] . This reorganisation of mitochondrial membranes may be important for maximising cytochrome c release from the cristae, where up to 90% of the cytochrome c is found [44] . One interesting possibility is that Bid/cardiolipin interactions play a role in cristae remodelling and is not required for MOMP itself, a hypothesis supported by published data showing that tBid can induce cristae reorganisation in the absence of a functional BH3 domain [44] .
A number of studies have indicated that cardiolipin is essential for Bid binding to liposomes. This may indeed be the case, but, as our new data indicates, Bid binding to CL-related lipids is not required for mitochondrial targeting in vivo. Bid may interact with proteins on the OMM that could facilitate its membrane insertion via lipid binding. Interactions with other proteins may therefore lead to OMM targeting, and proteins such as MTCH2 have been proposed for this [45] . The mitochondrial-targeting region of Bid has been shown to reside within helices 4-6, which contains K157 required for binding to CL-related lipids, but this may also contain binding sites for proteins. Both the p15 and p11 Bid constructs interact with proteins on the OMM (Valentijn and Gilmore, unpublished data), and it may well be that here are multiple mechanisms for targeting Bid. Indeed, it has also been proposed that tBid becomes myristoylated at its N-terminus following caspase 8 cleavage, providing another mechanism for membrane targeting [46] .
Bid can clearly interact with the specific membrane environment of mitochondria. However, the precise role of mitochondrial lipids in Bid's pro-apoptotic function remains open to debate. Emerging data suggests that Bid can be activated or influenced by a wider range of stimuli than previously thought [15, 17] . There could be, therefore, an equally diverse number of ways by which it is targeted to its site of action.
